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Abstract  
Chloride and bisulfide are the primary ligands believed to control the transport of 
copper in hydrothermal fluids. Ab initio molecular dynamics (MD) simulations based on 
density functional theory were conducted to predict the stoichiometries and geometries of 
Cu(I) complexes in mixed chloride and hydrosulfide (HS- and H2S(aq)) fluids at ambient 
temperature and at 327 ˚C and 500 bar, and to assess the relative importance of the chloride 
and hydrosulfide ligands for Cu transport. The simulations accurately reproduce the identity 
and geometries of Cu(I) chloride and bisulfide species derived from experimental solubility, 
UV-Vis, and in situ XAS results.  The simulations indicate the following ligand preference: 
HS– > Cl– > H2S for Cu(I) complexes, but predict a high stability of the mixed-ligand 
complex, CuCl(HS)–, a species that has never been investigated experimentally. The 
thermodynamic properties (formation constants, logKs) of Cu(I) chloride and bisulfide 
complexes were investigated by distance-constrained MD simulations using thermodynamic 
integration. The predicted logKs of the following reactions are in good agreement (within 1 
log unit) with the experimental values (Brugger et al., 2007; Liu W et al., 2001): 
Cu+ + Cl– = CuCl (aq); logK327˚C,calc = +3.87 ± 0.14; logK325˚C,exp = +4.12; 
CuCl(aq)+ Cl– = CuCl2–; logK327˚C,calc = +2.84 ± 0.09;  logK325˚C,exp = +1.98; 
CuCl2– + Cl– = CuCl32–; logK327˚C,calc = –1.23 ± 0.21;  logK325˚C,exp = -2.17. 
The fair agreements between the predicted logKs with those derived from experimental 
data demonstrates the potential of predicting thermodynamic properties for transition metal 
complexes under hydrothermal conditions by MD simulations. The formation constant for the 
mixed-ligand complex CuCl(HS)– is calculated for the first time: 
Cu+ + Cl–  + HS– = CuCl(HS)– ; logK327˚C,calc = +11.47. 
Determination of the formation constants for Cu(I) complexes enabled the construction 
of activity-activity diagrams entirely based on the MD simulation data. The results suggest 
that the mixed-ligand complex plays an important role in Cu transport in hydrothermal fluids. 
 
 
Keywords: Copper, bisulfide complexes, chloride complexes, hydrothermal ore deposits, ab 
initio molecular dynamic simulations, thermodynamic properties. 
  
Ab initio MD simulation of Cu(I) complexation Page 3/33 
1 Introduction 
1.1 Molecular understanding of metal transport in hydrothermal fluids 
Understanding the speciation of metals in hydrothermal fluids underpins our ability to 
predict element mobility in natural and man-made systems (e.g., formation of ore deposits; 
hydrometallurgy; corrosion in power plants; Seward and Driesner, 2004). For example, 
hydrothermal ore deposits contain most of the Au, Ag, U, Fe, Mn, Zn, Pb or Mo resources 
within the Earth’s crust. Consequently, understanding the mechanisms of metal transport and 
deposition in hydrothermal systems under wide ranges of fluid composition, pressure and 
temperature is essential for the development of mineral exploration technologies and to 
maintain the rate of discovery of new deposits. Metals are transported as aqueous metal 
complexes in ore-forming fluids (Seward and Barnes, 1997). Over the past 15 years, 
experimental and theoretical advances have transformed our understanding of hydrothermal 
ore transport and deposition.  The availability of third-generation synchrotron sources, linked 
with the development of spectroscopic autoclaves, enables routine measurements of high-
quality X-ray absorption spectroscopy (XAS) data on aqueous solutions beyond the critical 
point of water.  Using such techniques, a large amount of data about the molecular-level 
speciation of metals in fluids at elevated P-T have been generated (e.g., Brugger et al., 2010; 
Seward and Driesner 2004). At the same time, molecular dynamics (MD) simulations allow 
us to explore metal speciation and, as will be shown here, even derive thermodynamic 
properties.  Such simulations can be an important adjunct to spectroscopic measurements of 
speciation and can explore PT regimes not accessible via experiment.  Several groups have 
combined MD and EXAFS spectroscopy to study the stoichiometry and geometry of aqueous 
metal complexes (e.g., D'Angelo et al., 2002; 2006; Dang et al., 2006; Fulton et al., 2009; 
Hoffmann et al., 1999). 
In this study, we use ab initio (i.e., first principles) MD simulations to study the 
stoichiometry and geometry of Cu(I) complexes in chloride- and hydrosulfide-brines at 27 ˚C 
and 327 ˚C. This chemical system was chosen not only because of its relevance in the 
formation of copper deposits, but also because of the large amount of high quality 
experimental data obtained over the past decade by a number of methods and research groups 
on the nature and geometry of Cu(I) complexes under hydrothermal conditions. These data 
enable us to test the accuracy of the predictions of the MD simulations. We then explore the 
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predictive capabilities of MD simulations and their ability to discover new complexes and 
predict thermodynamic properties for important complex-forming reactions. 
1.2 Experimental studies of Cu-Cl and Cu-HS/H2S complexes 
Copper can form various complexes with the valence states of +1 and +2 in natural 
waters, and in situ measurements of natural fluid inclusions and synthetic solutions show that 
Cu(I) is the predominant oxidation state under hydrothermal conditions (Brugger et al., 2007; 
Mavrogenes et al., 2002). The hydrosulfide (mainly HS– and possibly H2S(aq)) and chloride 
(Cl–) ligands are particularly important for the transport of copper in hydrothermal fluids (e.g., 
Etschmann et al., 2010). A large number of solubility, in situ ultra-violet-visible (UV-Vis) 
spectroscopy, and XAS studies have been conducted to investigate Cu(I) speciation and 
retrieve thermodynamic properties for the important complexes from ambient to supercritical 
conditions (Archibald et al., 2002; Brugger et al., 2007; Crerar and Barnes, 1976; Etschmann 
et al., 2010; Fritz, 1980, 1981; Fulton et al., 2000a, 2000b; Hemley et al., 1992; Liu W et al., 
2001, 2002; Mountain and Seward, 1999, 2003; Seyfried Jr and Ding, 1993; Var'yash, 1992; 
Xiao et al., 1998). For Cu(I) bisulfide complexes, the current consensus is that Cu(HS)(aq) 
and Cu(HS)2- are the predominant species, with Cu(HS)2- becoming more important with 
increasing temperature (Etschmann et al., 2010). For chloride complexes, the suggested 
predominant species include CuCl(aq), CuCl2- and CuCl3- (Brugger et al., 2007). 
To interpret the experimental data correctly, it is essential to choose the correct 
speciation model. For most solubility and UV-Vis studies under hydrothermal conditions, the 
speciation model is generated on the basis of the knowledge of low-T speciation and general 
considerations of the chemistry of the system. This can lead to wrong models and thus 
incorrect conclusions (see discussions in Brugger et al., 2007 and Sherman, 2007). In situ 
XAS data enable characterization of the molecular structures and stoichiometry of metal 
complexes over a wide range of temperatures and pressures, thus providing an independent 
confirmation of the speciation model that can help cross check and interpret solubility and 
UV-Vis data. In particular, knowledge of the geometry of the complexes places strong 
constraints on the range of possible species (e.g., discussion in Etschmann et al., 2011). XAS 
was employed to study Cu-Cl and Cu-HS/H2S complexing under hydrothermal conditions 
(Brugger et al., 2007; Etschmann et al., 2010; Fulton et al., 2000a). These studies 
demonstrated that linear Cu(I) complexes (e.g., [H2O-Cu-Cl](aq); [Cl-Cu-Cl]-; [HS-Cu-SH]-) 
dominate Cu(I) speciation in chloride and hydrosulfide brines. The distorted trigonal species 
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[CuCl3]2- plays a minor role in chloride-rich brines at low temperature (<200 ˚C; Brugger et 
al., 2007). These XAS data discredited the tetrahedral species [CuCl4]3-, a species postulated 
on the ground of its stability in coordination compounds, and led to a re-interpretation of 
earlier UV-Vis data (e.g., Liu W et al., 2002), and greatly improved our understanding of the 
speciation and thermodynamic properties of Cu transport in hydrothermal fluids. 
The role of H2S0 as a ligand competing with HS- and Cl- is also a controversial topic. 
Based on XAS measurements, Pokrovski et al. (2009) suggested that the H2S0 ligand may 
contribute to the increasing solubility of gold in acidic fluids via formation of the 
Au(HS)(H2S)0 complex. This result was confirmed by the ab initio MD simulations of Liu X 
et al. (2011b). Crerar and Barnes (1976) interpreted their chalcopyrite solubility studies in 
terms of Cu(HS)2- and Cu(HS)2(H2S)- as the predominant species under hydrothermal 
conditions (200-350 ˚C), indicating that H2S0 is a potential ligand for forming complexes with 
Cu(I).  In more recent studies of Cu(I) hydrosulfide speciation, however, Cu(HS)2- was 
interpreted as the stable complex by solubility measurements (Mountain and Seward, 1999, 
2003) and by the XAS study of Etschmann et al. (2010). Note that Cu(HS)(H2S)0 could not be 
excluded on the basis of the XAS data, and that this species may be important in the vapor 
phase (Etschmann et al., 2010). 
1.3 Molecular dynamics simulations of metal complexes in hydrothermal geochemistry 
Classical MD simulations where atomic interactions are described using empirical 
interatomic potentials have been successfully employed to investigate aqueous solutions of 
alkali and alkaline earth metals at different T-P conditions (Dang et al., 2006; Driesner et al., 
1998; Harris et al., 2001; John P, 1998; Sherman and Collings, 2002; Sherman, 2010). Such 
simulations accurately predict fluids density, cluster structures, pair distributions and phase 
diagrams.  However, simple pair potentials fail to give a reliable description of the interatomic 
interactions involving transition metals like Cu, Ni, or Au (Hoffmann et al., 1999; Sherman, 
2010).  For such systems, the interatomic interactions need to be described quantum 
mechanically.  Ab initio MD simulations solve the classical equations of motion but treat the 
interatomic interactions quantum mechanically using density functional theory (Car and 
Parrinello, 1985). In an early application to hydrothermal fluids, Harris et al. (2003) 
determined Zn(II) speciation in chloride-rich brines from room temperature to hydrothermal 
conditions using Born-Oppenheimer ab initio MD simulations, and were able to reproduce 
accurately the stoichiometry and geometry of Zn(II) chlorocomplexes at 25 ˚C and 300 ˚C up 
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to high salt concentrations of 7.4 m (reviews in Liu W et al., 2007; 2012). The 
implementation of ab initio molecular dynamics using the Car-Parrinello method (Car and 
Parrinello, 1985) enables simulations to be done on larger systems for longer times. Using 
this method, Sherman (2007) explored the speciation of Cu(I) chloro-complexes. In this 
study, it was found that Cu(I) exists as CuCl32– in a 4 m chloride solution at room temperature, 
with the third Cl– ligand being only weakly bound; at high temperature, the linear CuCl2
–
 
complex predominates, even with excess chloride in the solution. This study also concluded 
that the tetrahedral CuCl4
3-
 complex proposed for example by the UV-Vis study of Liu W et 
al. (2002) is not stable in aqueous solution; this theoretical prediction was independently 
confirmed by the XAS study of Brugger et al. (2007). Similar good agreement between 
calculated and measured speciation and complex geometries were obtained by Liu X et al. 
(2011b, 2012) in their ab initio MD simulations of the Au(I) hydrosulfide- and Ag(I) 
chloride-complexes. Therefore, ab initio MD simulations show good potential for predicting 
the aqueous speciation of transition metals. 
The determination of thermodynamic properties for aqueous complexes, however, is a 
more significant challenge for MD simulations. Two techniques, metadynamics and 
thermodynamic integration, enable us to predict the free energy surface of complex-formation 
reactions (Sherman, 2010). Metadynamics (Alessandro and Francesco, 2008; Laio and 
Parrinello, 2002) is a powerful algorithm that can be used both for reconstructing the free 
energy of complexes and for accelerating rare events, eliminating the need to conduct long 
simulations. Once the reaction path and free energy profiles have been qualitatively explored 
by metadynamics, thermodynamic integration (Sprik, 1998) could be employed to calculate 
the free energy of predefined reaction coordinates. Van Sijl et al. (2010) employed 
metadynamics to explore the free energy surface of Ti(IV) in water at 300 K and 1000 K by 
constraining the Ti-O coordination number, and found that a 5-fold Ti(IV) aqua complex was 
stable at room temperature and a six-fold aqua complex at 1000 K. The Ag(I) MD studies of 
Liu X et al. (2012) qualitatively explored the free energy surface of Ag-Cl ligand dissociation 
reactions at 300 K by metadynamics and predicted the weak stability of trigonal planar 
AgCl3
2–
 under hydrothermal conditions. The hydration mechanisms of Zn2+ (Liu X et al., 
2011a), Al3+ (Liu X et al., 2010b) and Cu2+ (Liu X et al., 2010a) have been investigated by 
coordination number constrained thermodynamic integration, and the predicted stabilities of 
hydration cations and hydration numbers show good agreement with experiments. Bühl and 
coworkers (Bühl and Golubnychiy, 2007; Bühl et al., 2006, 2008) constrained the bond 
distances of uranium-chloride and uranium-oxygen to predict the stoichiometry and free 
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energies for the formation of aqua- and chloride complexes of U(VI) at ambient conditions. 
The computations revealed significant solvent effects on geometric and energetic parameters, 
and confirmed the low affinity of uranyl for chloride in aqueous solutions. Those studies of 
free energy exploration illustrate the potential of predicting thermodynamic properties by MD 
simulation. In hydrothermal geochemistry, the estimation of thermodynamic properties via 
MD simulations would be especially useful due to the increasing difficulty of experimental 
measurements with increasing T and P. 
1.4 Aims 
Despite the number of studies that have been conducted on the Cu(I) chloride and 
hydrosulfide systems, there is still a lack of unambiguous identification of the predominant 
copper species in bisulfide and in particular mixed chloride-bisulfide solutions, which is more 
appropriate for natural hydrothermal systems than solutions containing only chloride or 
hydrosulfide. XAS is unable to reliably distinguish O and S atom around copper atoms 
(Etschmann et al., 2010), whereas ab initio MD simulations can provide insight into this 
problem. As experimental studies of Cu(I) chloride/bisulfide complexation have well 
characterized many important Cu(I) complex-forming reactions, this system is well suited for 
testing the ability of distance-constrained MD to produce accurate thermodynamic properties 
for important complex-forming reactions. Assessing the ability of the thermodynamic 
integration method in MD simulation to predict the thermodynamic properties of metal 
complexes under hydrothermal conditions is highly desirable, since this technique may 
ultimately be able to predict metal speciation and mobility in hydrothermal fluids beyond 
experimental conditions. 
The specific aims of this study are to 1) predict the nature and geometry of the 
predominant Cu(I) species in bisulfide, chloride, and mixed chloride-bisulfide hydrothermal 
fluids using ab initio MD; in particular, assess the potential of mixed-ligand complexes to 
contribute to Cu(I) transport in hydrothermal fluids; and 2) predict thermodynamic properties 
(stability constants) for the important Cu(I) complexes using distance-constrained 
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2 Computational methods 
2.1 Car-Parrinello Molecular Dynamics Simulations 
In this study, we used the Car-Parrinello (CP) molecular dynamics code CPMD (Car 
and Parrinello, 1985) to investigate the nature and geometry of copper (I) complexes in 
chloride and hydrosulfide hydrothermal fluids. Car-Parrinello ab initio molecular dynamics 
simulations implement density functional theory using a plane-wave basis set and pseudo-
potentials for the core electrons. The PBE exchange correlation-functional (Perdew et al., 
1996) was employed with a cutoff of gradient correction 5×10-5. Lin et al. (2012) showed that 
the energy profiles for liquid water calculated by PBE agree very well with higher-level ab 
initio calculations (MP2, CCSD). Plane-wave cutoffs of 25 Ry (340.14 eV) were used 
together with Vanderbilt ultrasoft pseudo-potentials in CPMD package generated using the 
valence electron configuration 3d9.54s14p0.5 (Laasonen et al., 1993). Molecular dynamics 
simulations were conducted in the NVT ensemble (Sherman, 2007). A time-step of 3 a.u. 
(0.073 fs) was used to stabilize the simulations. Temperatures were controlled by the Nose 
thermostat for both the ions and electrons. Fictitious electron masses of 400 a.u. (3.644×10–
28 kg) and target fictitious kinetic energies of 0.02 a.u. (52.49 kJ‧mol-1) were used to obtain 
convergence of the energy of the total CP-Hamiltonians. Periodic boundary conditions were 
used to eliminate surface effects. Classical MD was used to generate initial atomic 
configurations using the SPC/E potential for water (Berendsen et al., 1987; Smith and Dang, 
1994) and approximate pair potentials derived from finite cluster calculations for Cu-Cl, Cu-S 
and Cu-O (Guymon et al., 2008, see Table A1 for details). 
To investigate the stability of Cu complexes with different ligands, we calculated six 
different systems with different hydrosulfide/chloride ratios and concentrations. The 
compositions and box sizes of the simulated systems are shown in Table 1. Compared to 
classical MD, ab initio MD needs larger computing resources, so simulation boxes with ~180 
atoms were chosen to provide manageable computation times while enabling the simulation 
of realistic solution compositions. The volumes of the simulation boxes were chosen in order 
for the densities to correspond to the equation of state of NaCl fluids at the same ionic 
strength at the pressure and temperature of interest (Driesner, 2007; Driesner and Heinrich, 
2007). Stable Cu(I) complexes formed within 0 to 2 picoseconds (ps) of simulation time, 
depending on the simulated system and initial configuration. To achieve good statistics for the 
radial distribution functions (RDF), all the simulations were calculated for more than 10 ps 
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(1.38×105 steps). The simulation with excess chloride (No. 4) was run for ~ 20 ps to observe 
Cl-Cl ion exchange reactions. 
2.2 Ab initio thermodynamic integration and free energy calculations 
The free energies of the ion-exchange reactions are crucial for investigating the 
equilibrium formation constants of the CuClx1-x and Cu(HS)x1-x complexes. We used the 
thermodynamic integration method (Resat, 1993; Sprik, 1998) to calculate the free energy 
surfaces for the formation reactions of these complexes at both ambient and hydrothermal 
conditions. The Cu(I)-ligand distances were constrained along predefined reaction paths, and 
the mean constraint force f(r) was obtained as a function of constrained distances by sampling 
possible configurations of Cu(I) complexes and the surrounding solvent and ions at each 
distance-constraint. 
For example, the free energy of a ligand exchange reaction such as 
[Cl-Cu-Cl]– + H2O = [H2O-Cu-Cl](aq) + Cl–   (1), 
can be calculated by integrating the time-averaged constraint force, f(r) with respect to the 
constrained distance, r (Sprik, 1998; Bühl et al., 2006; 2008): 
     (2). 
Here, f(r) is the force necessary to maintain the second chloride ion at a distance r from 
the Cu(I) ion, where r varies from ‘infinity’ (i.e., no interaction with the Cu(I) complex) to a 
bonded state. The thermodynamic integration runs were started by first equilibrating the 
initial configuration. Then, a series of constrained ab initio MD simulations were performed 
along the reaction coordinate defined by fixing the bond distances of the Cu-Cl or Cu-S pairs, 
until the final target configuration was obtained. Other simulation parameters were kept 
identical in the constrained and unconstrained simulations. All the constrained simulations 
were calculated for more than 3.6 ps, including 0.7 ps for equilibration (Bühl et al., 2006; 
2008). Figure 1 shows the constraint force f(r) and its running average for the Cu-Cl pair at 
the distance of 4.25 Å at 327 ˚C. The running average of the constraint force converged in 1 
(e.g., Fig. 1) to 3 ps. The average of the constraint force along the whole simulation was 
employed as the mean force for each configuration. 
Figure 2 shows two examples of the reaction coordinates (reaction paths) from 
configuration i to ii and the constrained distances. As shown in Figure 2(a), for the reaction 
(1) in the initial configuration i (reactants), one Cl was constrained at the distance of 2.12 Å, 
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corresponding to the equilibrium bonding distance. The other two free Cl– ions were 
constrained at longer distances (6.00 Å), corresponding to distances at which atomic 
interactions between Cu and Cl are close to zero; this constraint was necessary to prevent the 
free Cl- ions from complexing to Cu(I) when one Cl- moved away. The other bonding Cl- ion 
was allowed to move freely, and remained bonded to Cu(I) at a distance around 2.15 Å. When 
moving the Cl- ion away from Cu(I), one water came close and bonded to Cu. In 
configuration ii (products), the Cl- ion on the reaction path was moved from 2.12 Å to 5 Å 
and replaced by an H2O molecule, the two free Cl– ions were still fixed at 6.00 Å. The 
unconstrained Cl- and an unconstrained oxygen (H2O) bonded to Cu(I) to form the linear 
CuCl(H2O)(aq) complex. 
To test the stability of CuCl32– at 327 ˚C, the free energy of the association reaction 
CuCl2– + Cl–   =   CuCl32–   (3) 
was calculated. As shown in Figure 2(b), in this case, both of the bonding Cl- ions were 
constrained at 2.21 Å (the equilibrated bond length of CuCl32–) in configuration i (reactants). 
For the remaining two chloride ions, one was constrained at a long distance (6.00 Å) and the 
other at the reaction coordinates (from 5 Å to 2.38 Å). This was necessary to avoid losing one 
of the two bonded Cl- ligands upon moving the third Cl- towards the Cu(I) (i.e., effectively 
exchanging two chloride ions in CuCl2-), since CuCl2– is the predominant complex at 327 ˚C. 
 As the calculations were conducted at constant volume, the retrieved free energies 
(equation (2)) correspond to the Helmholtz free energy. To compare with literature values of 
the thermodynamic properties of copper complexes, we need to calculate the Gibbs free 
energies at constant pressure. However, in ab initio MD, it is difficult to perform free energy 
calculations in the isobaric-isothermal ensemble (Haile, 1992).  Therefore, it is practical to 
calculate the Gibbs free energies of the reactions from Helmholtz free energies by adding the 
energy changes due to the change of pressure, 




p∫  is the accumulation of pressure change. The magnitude of the difference 
between ∆A and ∆G was estimated by considering the changes in apparent partial molar 
volumes of reactants and products during the reaction on the basis of molar volumes for 
individual aqueous species reported by Brugger et al. (2007) and Sverjensky et al. (1997) (see 
Table A2 for details). The energy difference for the ligand exchange reactions is in the order 
of 10-100 J mol-1 (i.e., ≤0.01 on the logK). This contribution is much smaller than the error 
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obtained by experiments or MD thermodynamic integration, so the Gibbs free energies of the 
reaction were approximated by the Helmholtz free energy, i.e., ∆rG = ∆AaÆb. This 
approximation has been adopted before by a number of authors (e.g., Habershon and 
Manolopoulos, 2011; Bühl et al., 2006; 2008; 2011; Mangold et al., 2011). 
2.3 Correction of standard state and calculation of formation constants 
The standard state Gibbs free energy of reaction ΔrG
Θ (the hypothetical 1 m 
concentrations with properties of infinite dilution) can be calculated from the Gibbs free 
energy of the reaction (∆rG) obtained from thermodynamic integration, according to  
ΔrG
Θ
= ΔrG + RT ln
CAγ A ⋅CBγ B
CCγC ⋅CDγD
    (5) 
where Ci are the concentrations of reactants or products of the reaction A + B → C + D, and γi 
are the corresponding activity coefficients. For calculating ΔrG
Θ,c  we assume unit activity 
coefficients. Since the metal and ligands exist at high concentrations (1-4 molal) in the 
simulated systems, and hence the solutions are far from the standard state, we also used the B-
dot extension of the Debye-Hückel theory to estimate activity coefficients for the individual 
ions (Mambote et al., 2003; Zeng et al., 2008). 





1/ 2 + ˙ B γI   (6) 
where zi is the charge of ion, I is the ionic strength in the molality scale (m), åi is the ion size 
parameter in angstrom (åi = 5 for copper ions and complexes, åi = 4 for chloride ions). Aγ and 
Bγ are defined in Table 1 and Table 2 in Helgeson (1969). γB  is an empirical parameter 
defined in Table 26 in Helgeson and Kirkham (1974). After activity corrections, the standard 
Gibbs free energy changes for each reaction, ∆rGΘ,  were obtained. Then the formation 
constants were calculated from: 
ΔrG
Θ
= −RT ln K Θ
   (7) 
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3 Results 
3.1 Ab initio molecular dynamic simulations 
The results of ab initio molecular dynamics simulations are compiled in Table 1, and 
the Cu-Cl and Cu-S distances as a function of simulation time at 327 ˚C (~500 bar) are shown 
in Figure 3. The distribution functions showing the coordination numbers and distances are 
plotted in Figures 4 and 5 for the Cu-Cl and Cu-S pairs, respectively. 
In simulation No.1, with a Cl concentration of 4 molal and sulfur existing only as 
H2S(aq), Cu(I) existed as the CuCl2– complex over the whole 14 ps of the simulation 
(Figure 3(a)). The vibrations of the Cu-Cl bonds in the CuCl2– complex shown in Figure 3(a) 
correspond to vibration frequencies of 8.6*1012 Hz (287 cm-1) and 11.6*1012 Hz (387 cm-1); 
these values are close to those calculated for a gas-phase CuCl2– cluster (280 and 373 cm-1; 
Sherman 2007). The oscillations of the Cu-Cl bond length specify a Debye-Waller factor of 
0.00638 Å2, within error of that refined from the experimental EXAFS data by Brugger et al. 
(2007) (0.007(1) Å2). The distribution function of Cu-Cl pairs shown in Figure 4(a) indicates 
that the Cu-Cl bond length is ~2.13 Å. The pair distribution function of Cu-S is very noisy 
(Figure 5(a)), and there is no obvious association between Cu and H2S. The Cu-Cl bond 
lengths (2.13 Å) are in excellent agreement with those measured experimentally (2.152(7) Å, 
Brugger et al., 2007; 2.12-2.13 Å, Fulton et al., 2000a, 2000b). Furthermore, it is noteworthy 
that the simulated average Cl-Cu-Cl bond angle of 164(10)˚ is within error of the value of 
161.5˚ derived from EXAFS data (Brugger et al., 2007), thus both the MD simulations and 
EXAFS experimental data confirm a distorted linear structure for the CuCl2– complex. This 
simulation also indicates that the presence of H2S(aq) does not change Cu speciation or the 
geometry of the CuCl2– complex (e.g., chloride complexes predominate in acidic, S-rich 
brines). 
In simulations 2 and 3 (Table 1), the H2S molecules were replaced by HS– and Na+. 
This leads to the formation of a previously unknown CuCl(HS)– complex (Figure 3(b)). 
Interestingly, the expected Cu(HS)2– complex does not form in simulation 3 at 327 ˚C, 
suggesting that the mixed-ligands complex is dominant in this fluid (see discussion below). 
The radial distribution functions for the Cu-Cl (Figure 4(b, c)) and Cu-S pairs (Figure 5(b, c)) 
confirm that the number of Cl– and HS– around Cu+ is one for each, and Cu-Cl and Cu-S bond 
lengths are ~2.16 Å and ~2.15 Å, respectively. 
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To test the stability of the CuCl(HS)– complex in solutions with high Cl– but low HS– 
concentrations, a simulation was conducted for Cu+ in 10 m Cl– and 1 m HS– 
(simulation No. 4). With the presence of excess chloride, CuCl(HS)– still predominates in the 
system, with minor amounts of the [CuCl2(HS)]2– species, where the additional chloride is 
weakly bonded (Figure 3(c)). The [CuCl2(HS)]2– species is also seen in Figure 3(c) to serve as 
a short-lived intermediary species in the exchange of two Cl- ions. The Cu-Cl pair distribution 
function (Figure 4(d)) shows that the average number of Cl within 3 Å is ~1.2. We tentatively 
conclude that the CuCl(HS)-  complex may be an important species in ore-forming solutions. 
We note that it would be difficult to distinguish between CuCl(HS)-, CuCl2– and Cu(HS)2– 
using XAS (Etschmann et al. 2010). 
In the Cl-free solution with 2 molal HS– (simulation No. 5), Cu(I) forms a Cu(HS)2– 
complex with a Cu-S bond length of 2.16 Å (Table 1), and an average S-Cu-S bond angle of 
162(9)˚, in excellent agreement with the experimental results (distance 2.149(9) Å and angle 
150-160˚; Etschmann et al., 2010). Simulation No. 6 (Figure 3(d)) also demonstrates that 
Cu(I) still forms the Cu(HS)2– complex in the presence of 4 m sulfur (3 m HS– and 1 m H2S), 
which reveals that the maximum number of HS– ligands around Cu(I) is 2 in hydrosulfide 
fluids. 
The Cl-O pair distribution function can be used to compare the hydration number of 
free Cl– ions with that of Cl- ions bound to Cu(I). At a Cl-O distance of up to 4 Å, there are ~6 
H2O molecules surrounding the free Cl– ions, while those Cl– bound to Cu(I) are coordinated 
by ~5 H2O molecules (Figure 6(a, b)). The net loss of two inner-sphere solvation waters leads 
to an increase in translational entropy, which favors the formation of metal complexes 
(Sherman, 2007, 2010).  This translational entropy contribution probably plays an important 
role in stabilizing the CuCl2- complex relative to CuCl(aq). The reaction 
 CuCl(aq) + Cl– = CuCl2–        (8) 
is actually  
 [Cu(H2O)(Cl•5H2O)]0 + (Cl•6H2O)- = [Cu(Cl•5H2O)2]- + 2H2O.  (9) 
We also calculated the distribution function of the S-O pair.  As shown in 
Figure 6(c, d), the S-O pair has a similar structure to that of the Cl-O pair, and free HS– ions 
have a larger hydration number than those bound to Cu(I). At the S-O distance of 4 Å, free 
HS– are surrounded by ~6 H2O molecules, while those bound to Cu(I) are coordinated by 4 to 
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5 H2O molecules; hence the grain in translational entropy upon formation of bisulfide 
complexes is larger than for the formation of chloride complexes. 
3.2 Ab initio thermodynamic integration and free energy calculations 
The simulations described above provide a qualitative picture of Cu(I) speciation in 
hydrothermal solutions. Ultimately, however, we need to obtain the thermodynamic 
properties of Cu complexes in order to predict their relative stabilities and the changes in the 
solubilities of Cu minerals in different environments and upon different processes (e.g., fluid 
mixing, fluid-rock interaction, phase separation). 
3.2.1 Free energies for Cu-HS complexes 
Figure 7 shows an example of calculating the free energy surface via distance-
constrained thermodynamic integration with the simulation box containing 1 Cu+, 1 Na+, 
2 HS– and 55 H2O. The Helmholtz free energy surface (∆AaÆb) of the reaction: 
Cu(HS)2– + H2O = Cu(HS)(H2O)(aq) + HS– (10) 
at 327 ˚C was obtained by integrating the constraint mean force with respect to the 
constrained Cu-S distance. As shown in Figure 7, the force is close to zero (–1.98 kJ‧Å-1‧mol-
1) at 2.15 Å the distance corresponding to the equilibrated Cu-S bond length in this 
simulation. With increasing Cu-S distance, an external force must be applied in order to fix a 
given Cu-S distance because of the attraction between Cu and S. This constraint force 
becomes zero again at about 3.25 Å, and goes slightly positive in the range of 3.25-4.0 Å. 
That positive force results from the outer solvation shell and reflects the activation barrier for 
the ligand exchange reaction. Beyond the Cu-S distance of 4.0 Å, the force between Cu(I) and 
HS- is negligible. Accounting for the size of the simulation box (length of 13.015 Å), a 
distance of 4.0 to 5.0 Å can be recognized as a “safe” distance beyond which the atomic 
interaction between the Cu(I)-HS- pair can be neglected. 
Integration of the mean constraint force along the reaction coordinates provides a free 
energy difference of 75.54 kJ‧mol–1 for reaction 10. In the last 1 Å (4-5 Å) of the force 
integral, the standard deviation is 0.76 kJ‧mol–1, indicating that the free energy converged. 
Using the same method, the free energy surfaces for the formation of the Cu(HS)(aq) and 
Cu(HS)2– complexes at both 27 ˚C and 327 ˚C were calculated. Figure 8(a, b) shows the 
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integral of the free energy surfaces. Note that in order to obtain standard state free energies, 
activity coefficient corrections were applied as described in section 2.3. 
3.2.2 Free energies for Cu-Cl complexes 
The free energies for the formation of the CuClx1-x (x = 1, 2, 3) complexes were 
calculated in an analogous manner to those of bisulfide complexes at 27 ˚C and 327 ˚C in 
simulation boxes containing 1 Cu+, 3 Na+, 4 Cl- and 55 H2O. Figure 8(c, d) shows the free 
energy surfaces of the Cu-Cl dissociation reactions. The dissociation energies of CuCl(aq) and 
CuCl2– at both 27 ˚C and 327 ˚C are very positive, which reflects the strong tendency of Cu(I) 
to react with chloride to form linear CuCl(aq) or CuCl2– complexes. On the contrary, for the 
addition of a third Cl-, the smaller value of free energies reflects the fact that formation of a 
trigonal complex with three Cl- ligands is not favored. At 27 ˚C there is still a positive 
dissociation energy (12.65 kJ‧mol-1), so a third chloride might bind to CuCl2– to form CuCl32–. 
The positive dissociation energy for CuCl32- can be linked to the weak Cu-Cl bond in the 
CuCl32– complex at room temperature (Sherman 2007). However, at 327 ˚C, with the decrease 
in the free energy of the reaction, a logK of -1.23 was predicted for reaction 3, indicating that 
the CuCl32– species barely exists at 327 ˚C, which agrees with the unconstrained MD 
simulations of Sherman (2007) and with the experimental results of Brugger et al. (2007). 
Based on the calculated free energies of reaction, the stability constants for the Cu-Cl 
and Cu-HS species were calculated according to Section 2.3. Table 2 shows the Gibbs free 
energies with concentration and activity corrections and the corresponding thermodynamic 
stability constants. ∆rG is the Gibbs free energy of the reactions calculated from 
thermodynamic integration (assuming ∆rG = ∆A), i.e. in solutions of stoichiometric ionic 
strengths of 2 (bisulfide) or 4 (chlorides). The errors of ∆rG are calculated from the standard 
deviation of the force integral within the distance range of 4 to 5 Å. ∆rGΘ,c is the Gibbs free 
energy with concentration correction calculated by equation (5), assuming unit activity 
coefficients. Finally, the standard state Gibbs free energies (i.e., at infinite dilution) ∆rGΘ 
calculated using the activity coefficients defined by equations 5 and 6 are also shown in 
Table 2. The energy differences between ∆rGΘ,c and ∆rGΘ provide an estimate for the effect of 
the activity coefficients of the charged species. The logKΘ values of the reactions which form 
different Cu(I) complexes were calculated from equation (7) and listed in Table 2, together 
with selected experimental results.  In most cases, the agreement is good (within one log 
unit). 
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3.2.3 Free energies for Cu-Cl-HS mixed-ligand complexes 
The free energy of formation of the mixed-ligand complex CuCl(HS)– was calculated at 
327 ˚C using the same method as that used for the chloride and bisulfide complexes. Since no 
experimental results of the mixed bisulfide-chloride system are available, we attempted to 
assess the precision of our calculations by comparing results from two different reaction paths 
(reactions 11 and 12): 
CuCl(HS)– = CuCl(aq) + HS–  (11) 
CuCl(HS)– =CuHS(aq) + Cl–  (12) 
Since the free energies of formation for CuCl(aq) and CuHS(aq) have been calculated 
before, it is possible to check that these two independent reaction paths give similar results for 
the stability of the mixed-ligand complex. 
Figure 9 shows the free energy difference of reactions 11 and 12 in forming the mixed-
ligand complex. In Figure 9, the upper line gives a difference in free energy of 87.20 kJ‧mol-1 
between CuCl(HS)– and CuCl(aq) (reaction 11), and the lower line gives a difference of 
44.09 kJ‧mol-1 between CuCl(HS)– and CuHS(aq) (reaction 12). The difference of those two 
free energies qualitatively indicates the higher affinity of Cu(I) for the HS– ligand relative to 
Cl– under the conditions of the simulation. The logK for reactions 11 and 12 were calculated 
to be -7.61 and -3.85, respectively. Taking into account the formation constants of CuCl(aq) 
(logK = 3.87) and CuHS(aq) (logK = 7.61), the formation constant of the mixed-ligand 
complex, CuCl(HS)– (reaction Cu+ + Cl- +HS- = CuCl(HS)-) along each of the two reaction 
paths was obtained: logK = 11.48 (±0.46) via the reaction path CuCl(aq)  Æ CuCl(HS)–, and 
11.46 (±0.17) via the reaction path CuHS(aq) Æ CuCl(HS)–. Both values are in excellent 
agreement with each other, and their average, 11.47, was chosen as the formation constant of 
CuCl(HS)– at 327 ˚C. 
3.3 Geometries of metastable Cu(I) complexes forming during distance constrained 
MD 
Some intermediate Cu(I) complexes were observed during the distance constrained MD 
calculations. For example, to calculate the free energy difference between Cu+ and CuCl(aq), it 
was necessary to constrain all the Cu-Cl distances at >=5 Å to obtain the Cu+ aquo ion in a 
chloride-bearing solution. In this case, Cu(I) complexed to two H2O molecules to form the 
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linear complex Cu(H2O)2+. Cu(H2O)2+ is metastable in solution at room temperature, 
disproportionating rapidly to Cu(II) and Cu(0), and hence this species has not been 
characterized experimentally. The geometry of Cu(H2O)2+ and the Cu-O pair distribution 
function for the simulation at 327 ˚C are shown in Figure 10 (a). The Cu+ aqua ion has a 
distorted linear structure with a Cu-O distance of 1.90 Å and an average O-Cu-O angle of 
160(10)˚. 
To form the CuCl(aq) complex for the free energy calculation of the reaction CuCl2– = 
CuCl(aq) + Cl-, three of the four Cu-Cl distances had to be constrained at distances >=5 Å 
(see configuration ii in Figure 2 (a)). The single unconstrained Cl- was complexed to Cu(I), 
together with one H2O to form the linear complex CuCl(H2O)(aq). This complex presents a 
distorted linear structure with an average Cl-Cu-O angle of 165(6)˚ (Figure 10 (b)). The Cu-O 
pair distribution function gives a Cu-O distance of 1.91 Å, which is similar to the 
experimental value of 1.88(5) Å measured at 325 ˚C by Fulton et al. (2000b). The Cu-O bond 
distance and Cl-Cu-O angle are also in good agreement with the MD with only one chloride 
in the simulation box (Liu X et al., 2012).  
The complex CuHS(H2O)(aq) was formed in a box containing two HS- ions when one 
Cu-S distance was constrained at 5 Å (preventing Cu-S interaction) and the other HS– was 
free. The Cu-O distance in the CuHS(H2O)(aq) complex was 1.98 Å, slightly longer than the 
Cu-O bond in the CuCl(H2O)(aq) and Cu(H2O)2+ complexes. The pair distribution function of 
Cu-O for the simulations containing CuHS(H2O)(aq) is shown in Figure 10 (c); 
CuHS(H2O)(aq) has a distorted linear structure with an average S-Cu-O angle of 158˚ at 
327 ˚C. 
 
4 Discussion  
4.1 MD simulations vs. experiments 
In this study, all the simulations were conducted with ~53 to 55 H2O molecules plus one 
Cu(I) ion, a certain number of chloride and/or hydrosulfide ligands, and sodium ions to 
balance the charge (Table 1), which correspond to concentrations of 1 m Cu(I) with 2 to 11 m 
ligands. The metal species and geometries predicted by MD are in good agreement with 
experimental results (Table 1). The number of ligands bonded to Cu(I) is limited due to steric 
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effects. Cu(I) is a good example of the steric differences between solutions and solids; while 
Cu(I) in solids is overwhelmingly tetrahedrally coordinated with Cl, in solution linear Cu(I) 
chloride complexes are formed, as well as small amounts of trigonal planar complexes at low 
temperature (Brugger et al. 2007; Sherman 2007). The free energy surface determined in our 
ab initio MD simulations allows us to interpret the coordination number of Cu(I) complexes 
accurately. For instance, the positive free energy of forming CuCl32– complexes at high 
temperature indicates quantitatively that this complex is not significant under these 
conditions. 
The metal concentrations in these MD simulations are high compared to the 
concentrations in natural fluids (Liu W et al., 2008; Seward and Barnes, 1997; Sherman, 
2007; Etschmann et al., 2010). To reproduce the lower concentrations of real fluids, more 
H2O molecules are needed in the simulation box to dilute the metal and ligand ions. For 
example, a simulation box with one Cu+ and 1110 H2O is required to simulate a fluid 
containing 0.05 m Cu+. That kind of simulation is currently achievable routinely in classical 
MD (Driesner et al., 1998; Harris et al., 2001; Sherman, 2001; 2010; Sherman and Collings, 
2002); however, in ab initio MD, it is very costly in terms of CPU time (Hutter and Curioni, 
2005). In this study, for a typical MD simulation with 173 atoms and a box length of 
13.066 Å, it took ~16 hours to obtain one picosecond by parallel calculations using 24 cores. 
For the simulation with 185 atoms and box length of 13.534 Å, it took ~24 hours to calculate 
one picosecond (using 24 cores). A small increase in particle number and box size can lead to 
a dramatic increase of CPU time. Therefore, it is not (yet) realistic to simulate dilute fluids via 
ab inito MD, especially for methods such as thermodynamic integration. On the other hand, 
since periodic boxes were employed in the ab initio MD simulations, the Cu-Cu interaction is 
negligible, and Cu can be considered to be at infinite dilution with respect to Cu-Cu 
interactions. This approach has been widely used in many ab initio MD studies of low 
concentration metal ions in aqueous solutions (e.g., Ayala et al. 2010; Beret et al., 2008; 
Terrier et al. 2010). 
 
4.2 Entropy and complex formation 
Based on the predicted stable Cu(I) species in different solutions (Table 1), the order of 
affinity ligands for forming complexes with Cu(I) is HS– > Cl– > H2S(aq). This is in 
agreement with the previous experimental results that suggest that the Cu-HS complexes are 
stronger than Cu-Cl complexes (Etschmann et al. 2010; Mountain and Seward, 2003). Under 
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hydrothermal conditions, the number of Cl– or HS– ligands around Cu+ was found to be 2. The 
loss of hydration water of Cl– or HS– upon complexation with Cu(I) (Figure 6) is the likely 
driving force for the formation of these fully coordinated metal complexes (Sherman 2007). 
Including the hydration water in the ion exchange reactions, the complexing of the Cu(I) aqua 
ion can be written as: 
Cu(H2O)2+  +  [Cl(H2O)m]–  =  Cu(H2O)(Cl(H2O)n)  +  (m+1-n) H2O (13) 
Cu(H2O)2+  +  [HS(H2O)m]– =  Cu(H2O)(HS(H2O)n) +  (m+1-n) H2O (14) 
In addition to one water molecule that is replaced by a chloride or bisulfide ion, 
additional water is released because of the lower hydration number of the ligands when 
complexed to Cu(I) (i.e., m>n in equations 13 and 14). So, halide and bisulfide complexing 
render the system more disordered, and the entropy increases during this process, which 
makes the replacement of a water ligand by a Cl- or a HS- energetically advantageous. 
Figures 6 (a, b) and (c, d) show that the loss of hydration water (m-n) is ~1 for Cl–, and this 
number is larger for HS– (~1 to 2). The free energy surfaces of the ion exchange reactions 
show larger energy gains for forming Cu-HS complexes compared to Cu-Cl complexes, 
which is (at least partly) due to the higher loss of hydration waters for HS–. 
4.3 Thermodynamic properties 
The thermodynamic properties of Cu(I) complexes were calculated via thermodynamic 
integration (Table 2). In many experimental studies (e.g, Mountain and Seward, 1999, 2003; 
Xiao et al., 1998), the formation constants of Cu(I) complexes were measured at saturated 
water vapor pressure over limited ranges in temperature; for comparison, we use the equation 
of states fit to the experimental data by different authors (see Figs. 11,12). The predicted 
stability constants for Cu-Cl and Cu-HS complexes are in good agreement with recent 
experimental values (Table 2), and in most cases, the differences between simulated and 
experimental data are within 1-2 log units. At lower temperature, the free energies of the 
second-step association of the Cu(HS)2– and CuCl2– complexes are relatively higher than the 
experimental values. A major source of this discrepancy is that the kinetics of ion exchange is 
faster at higher temperature, so it will take longer to explore all the configurations and get the 
average constraint force at room temperature. Because thermodynamic integration needs very 
large computing time and resources, it would be too time-consuming to calculate for much 
longer than ~10 ps for each constrained mean force. 
It is important to realize that the experimental uncertainty on the formation constants of 
metal complexes at elevated P and T is relatively large, and that agreement within about one 
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order of magnitude for the dissociation constant provides very useful information. Figure 11 
compares the logKΘ of Cu-Cl and Cu-HS complexes based on different experimental studies 
(Akinfiev and Zotov, 2001; Brugger et al., 2007; Liu W and McPhail, 2005; Liu W et al., 
2001; Mountain and Seward, 1999; 2003; Xiao et al., 1998) as a function of temperature, with 
the predicted logKΘ  by MD simulations. Discrepancies of around one logK unit among 
different experimental studies are common, and indeed thermodynamic integration shows 
good potential to predict thermodynamic properties under wide range of conditions. In the 
following section, we show that MD data enable realistic predictions of the behavior of Cu(I) 
in hydrothermal solutions. 
4.4 Geological implications 
As the formation constants of CuCl(HS)– and other Cu(I) chloride and bisulfide 
complexes have been calculated through MD simulations, we can now construct an activity-
activity diagram which considers the mixed-ligand complex. Figure 12 compares the mineral 
solubility (Cu-S-H2O system) and predominance fields of Cu(I) species as a function of Cl– 
and HS– activities at 325 ˚C, 500 bar (pH = 5, and logfO2 of -35). Figure 12(a) is based on the 
available properties derived from experimental studies (referred to from now on as 
experiment-based) (Brugger et al., 2007; Liu W and McPhail, 2005; Mountain and Seward, 
2003), while Figure 12(b) is calculated entirely based on the formation constants of Cu(I) 
aqueous species generated by the MD simulations (MD-based) (Table 2). 
Compared with the speciation predicted using stability constants fit to experimental data 
(Figure 12(a)), the speciation based on the stability constants derived here suggest that the 
CuCl(aq) and Cu(HS)(aq) complexes are not significant in ore-forming fluids (Figure 12(b)). 
Moreover, the mixed-ligand complex CuCl(HS)– has a wide predominance field 
(Figure 12(b)), implying that this species is likely to play an important role in Cu transport in 
hydrothermal fluids.  
Given our estimates of the stability constant of the mixed-ligand complexes, we can 
also estimate the effect of this complex on the solubilities of Cu minerals in hydrothermal 
fluids. Figure 13 shows a simple simulation where Cu phases precipitate and dissolve as HS– 
is added to a closed system consisting of 1 kg of water containing 3 m Cltot, 10-15 m Stot, 
5 000 mg/kg Cu+, and 10 000 mg/kg Fe2+. The pH325˚C of 6 was chosen as it is consistent with 
the K-feldspar-Muscovite-Quartz buffer (~pH325 ˚C =5.5-4.5 for activities of K+ between 0.001 
and 0.1) and the HS-/H2S buffer (pKa,325˚C ~ 7). A log fO2 value of -31 was chosen to keep 
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sulfur in its reduced state (predominantly HS- and H2S(aq)). Sodium was added to balance the 
charges in the initial solution. The calculated stable mineral phases in equilibrium with the 
initial (i.e., essentially S-free) fluid are native copper, magnetite and chalcocite. The 
concentrations of the aqueous Cu species (Cu solubility corresponds to the concentration of 
the predominant species on the logarithmic scale of the diagram) are shown as a function of 
the reacted HS- (similar to total sulfur concentration) based on both experiment-based log Ks 
(Figure 13 (a)) and MD-based log Ks (Figure 13 (b)) for Cu(I) chloride and bisulfide 
complexes. In general, the qualitative predictions of the models based on experimental and 
MD data are consistent with each other, both predicting high Cu solubility at low (< 0.05 m) 
or high (>0.4 m) S concentrations, with a minimum in solubility in the intermediate region. 
Identifying such solubility gradients is one of the primary aims of reactive transport 
modeling. Another important aim of the modeling is to constrain conditions under which 
significant amounts of metals can be mobilized. The mineral solubilities predicted using both 
sets of thermodynamic properties agree qualitatively, although the MD model predicts higher 
Cu concentrations (1000’s instead of 100’s of ppm). Such high concentrations have indeed 
been found in natural fluid inclusions (e.g., Cauzid et al. 2007; Audétat et al. 1998). The 
stability constants derived from fits to experimental data predict that fluids with intermediate 
S contents (0.05-0.4 m) have no ability to carry Cu (< 5 ppm); however, the stability constants 
derived here predict that significant Cu (~100 ppm) still remains in solutions as the mixed-
ligand complex CuCl(HS)–. Under these conditions, the mineral assemblage consists of 
magnetite-chalcopyrite-chalcocite-bornite, or magnetite-chalcopyrite-pyrrhotite (Figures 13a, 
d). These mineral assemblages are commonly found in magmatic hydrothermal copper 
deposits (e.g., the giant Olympic Dam Fe oxide Cu-Au deposits, Haynes et al., 1995). Recent 
ICP-MS measurement of single fluid inclusions show that sulfur concentration ranges from 
0.1 to 0.55 m in magmatic hydrothermal ore fluids (e.g., 0.24 m at 323 ˚C for Bingham 
Canyon Cu-Au-Mo porphyry deposit, USA, Seo et al., 2009). Therefore, it is quite possible 
that the mixed-ligand complex CuCl(HS)– can transport significant copper in such ore fluids. 
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Table 1. Details of simulated Cu-Cl-HS/H2S solutions at 327 Û&, and resulting geometries of the 
predicted Cu(I) complexes.


















13.066 0.9660 CuCl2- 2.13
2.152(7)




13.066 0.9823 CuCl(HS)- 2.15 - 2.14 - 162.03 -
3 53H2O, 1Cu
+, 5Na+,
4Cl±, 2HS± 13.066 0.9987 CuCl(HS)
- 2.17 - 2.16 - 162.58 -
4 54H2O, 1Cu
+,
10Na+, 10Cl±, 1HS± 13.534 1.108
CuCl(HS)-
CuCl2(HS)-
2.16 - 2.16 - 163.48§ -
5 55H2O, 1Cu
+, 1Na+,
2HS± 13.015 0.8615 Cu(HS)2




13.015 0.9023 Cu(HS)2- - - 2.15 2.149[2] 163.91 157[2]
* Box size indicates the length of cubic boxes of simulations. 
§ Bond angle of Cl-Cu-S for CuCl(HS)-.
References: [1]  Brugger et al. (2007); [2] Etschmann et al. (2010).
  














Cu+ + Cl– = CuCl (aq)  27  ‐25.1 (±0.8)  ‐19.5  ‐18.1  3.15±0.13  4.13[1] 
CuCl (aq) + Cl– = CuCl2–  27  ‐27.1 (±1.3)  ‐22.3  ‐22.5  3.92±0.23  1.32[1] 
CuCl2– + Cl– = CuCl32–  27  ‐12.7 (±2.0)  ‐9.2  ‐6.2  1.07±0.34  ‐0.69[1] 
Cu+ + Cl– = CuCl (aq)  327  ‐41.3 (±1.6)  ‐30.0  ‐44.5  3.87±0.14  4.12[1] 
CuCl (aq)+ Cl– = CuCl2–  327  ‐41.2 (±1.0)  ‐31.7  ‐32.6  2.84±0.09  1.98[1] 
CuCl2– + Cl– = CuCl32–  327  ‐3.3 (±2.4)  3.6  14.1  ‐1.23±0.21  ‐2.17[1] 
Cu+ +HS– = CuHS (aq)  27  ‐70.2 (±0.7)  ‐66.8  ‐67.5  11.75±0.12  12.56[2] 
CuHS (aq) + HS– = Cu(HS)2–  27  ‐53.9 (±1.2)  ‐53.9  ‐54.0  9.40±0.20  4.72[2] 
Cu+ +HS– = CuHS (aq)  327  ‐81.9 (±1.5)  ‐75.0  ‐87.5  7.61±0.13  8.02[2] 
CuHS (aq) + HS– = Cu(HS)2–  327  ‐75.5 (±0.8)  ‐75.5  ‐76.2  6.64±0.07  3.61[2] 
CuHS (aq) + Cl– = CuCl(HS)–  327  ‐43.4 (±0.6)  ‐43.4  ‐44.1  3.85±0.04   




[1] Calculated using HKF parameters fitted by Brugger et al. (2007) and Liu W et al. (2001). 
[2] Calculated using a Ryzhenko model (Borisov, and Shvarov, 1992) based on the experimental data by Moutain 
and Seward (1999, 2003). 
 
  
















































HKF parametes by Brugger et al. (2007) and Liu W and McPhail (2005), the dotted line is 
fitted from Xiao et al.’s (1998) results using the Ryzhenko model, and the dashed line is 
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calculated from Akinfiev and Zotov’s (2001) HKF parameters. For Cu‐HS complexes, the 
solid line is fitted from Mountain and Seward’s (1999; 2003) results using the Ryzhenko 






























































































































































     4m Cl
–
, 1m H2S, 1m HS
–












(a) Simulation_1:  327˚C
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(d) Simulation_4:  327˚C
     10 m Cl
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(c) Simulation_3:  327˚C
      4 m Cl
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   (c) Simulation_3: 327˚C
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, 2 m HS
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   (b) Simulation_2:  327˚C
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–
, 1 m H2S, 1 m HS
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 (a) Simulation_1:  327˚C
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and 2 m H2S














  (d) Simulation_6: 327˚C
        1 m H2S, 3 m HS
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(a)   Cu(H2O)2+
(b)   CuCl(H2O)(aq)
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log a Cu = -5 m
log a Cu = -5.5 m
pH = 5
log f O2(g) = -35 (b)
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